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Paul’s Thesis (1980-81)

From CLEO measurements (hadronic and
leptonic branching fractions, R ... )
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Problem #1: What scale u? My, My/3...?7 Hypersensitive!

Solution: BLM/LM scale setting

Brodsky, Lepage and Mackenzie
On the elimination of scale ambiguities in perturbative QCD

Phys. Rev. D28 (1983) 228

Lepage and Mackenzie
On the viability of lattice perturbation theory

Phys. Rev. D48 (1993) 2250
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Problem #2: Is the QED-inspired formula
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true in QCD?

local since far above
Solution: NRQCD ( ggg threshold
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Problem #3 (Eg, for muon decay)

Muon NRQCD Hamiltonian has imaginary part —

5Hdecay=—in3r Im[u‘ /:\>H]

I
2“ f r gl (g, (r)

= —l—N,u «<—— number operator

— but the Hamiltonian conserves the number of muons.
How can it cause muons to disappear?

Muon NRQCD: Czarnecki, Lepage and Marciano, Phys. Rev. D61 (2000) 073001



Multi-muon states from the density matrix:

Define

implies

dp ITRPER
id—i = [HNRQCD, ,(3]— i?u {NN' ﬁ}
Pn(t) = Z (Xn ﬁ(t)‘xn>
Xn

= probability of finding n muons

d
—Pp(t) = —n Ty Pp(t)

at
Probability leaking away
Q like exp(-nfl,t), but where is
it going? Number of muons
IS unchanged.



Solution: Need effective density matrix, tracing out the
decay products (open effective theory),

Pefe(t) = Trdecay(PA(t))

: ' ,d,@eﬂ: n .ru o A
= Lindblad Eq n.: L i = I:HNRQCDr peﬁ]— l? {NH' pef-f}

+ iy J APr Yu(r) pest 0 ()

d

= for example, aPn(t) = —nlyPp()+ (n+ 1)y Pry1(t)
e AN
prob. lost from decays prob. gained from decays
of n-particle states of (n+1)-particle states

Braaten, Hammer and Lepage, Phys. Rev. D94 (2016) 056006



Solution for Ys

Y
—i5 Jd3r vl oys- cp%azpb

5Hdecay

—é fd?’r LT(r) - L(r)

SN

creates bb's L = ﬁlﬂ%alﬂb annihilates bb’s
implies

i dPAeff
dt

= [HNRQCD, ﬁeﬁ]— é{fd?’r LT(r) - L(r), iéeff}

+ ifd3r L(r)-Pefs LT(r)



Castin et al,

tochastic Wavefuncti '
Stochastic Wavefunction Evolution 0805.4002

- .
Complex Hamiltonian: H=Hs—§;LmLm
Evolve |Y(t)) In three steps:

1. Define [pM(t+dt))=(1—iHdt)|y(t)) where

(WDt + dO)|yB(t+ dt))=1-> 6pm

Spm = dt(¢(t)|L] L |w(D))
= prob. of decay to state Lm|¢(t))

2. Random choice:

ot + o)) gt + dt)) with prob. 1—3,,6pm
Lm|@(t)) with prob. 6pm

3. Normalize wavefunction to 1. \ decay occurs,

wavefunction collapses



Example: 3-level atom

Drive Ground — Bright and Ground — Dark transitions with
tuned lasers:

Bright |B)
- Dark |D)
strong transition
= unstable weak transition
= can decay spontaneously = meta-stable

Ground |G)



Bright State

decay photons
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50 lines of Python
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Nature 570 (2019) 200

https://doi.org/10.1038/s41586-019-1287-z

To catch and reverse a quantum jump mid-flight

Z.K.Minev>*, S. O. Mundhadal, S. Shankar!, P. Reinhold!, R. Gutiérrez-Jduregui?, R. J. Schoelkopf!, M. Mirrahimi34,
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Happy Retirement

Paul!



